Over the past decade, researchers have made significant progress in understanding factors that influence the fate and transport of ENMs. In some cases, researchers have developed approaches toward global descriptor models (experimental, conceptual, and quantitative). We suggest the following global descriptors for ENMs: octanolÀwater partition coefficients, solid-water partition coefficients, attachment coefficients, and rate constants describing reactions such as dissolution, sedimentation, and degradation. ENMs appear to accumulate at the octanolÀwater interface and readily interact with other interfaces, such as lipidÀwater interfaces. Batch experiments to investigate factors that influence retention of ENMs on solid phases are very promising. However, ENMs probably do not behave in the same way as dissolved chemicals, and therefore, researchers need to use measurement techniques and concepts more commonly associated with colloids. Despite several years of research with ENMs in column studies, available summaries tend to discuss the effects of ionic strength, pH, organic matter, ENM type, packing media, or other parameters qualitatively rather than reporting quantitative values, such as attachment efficiencies, that would facilitate comparison across studies. Only a few structureÀactivity relationships have been developed for ENMs so far, but such evaluations will facilitate the understanding of the reactivities of different forms of a single ENM.
Introduction
Engineered nanomaterials (ENMs) are a potential new class of pollutants, and debate is growing regarding appropriate test methodologies and modeling paradigms for their behavior in the environment. The sources, fate and transport, and toxicity of ENMs have been a major focus of environmental health and safety research efforts across the globe over the past decade. 1 The potential for environmental exposure dictates a compelling need to understand and predict the disposition of ENMs in and on the environment. 2 There has been a call for harmonization of test protocols suitable for assessing the environmental fate of ENMs.
into models capable of predicting ENM fate and transport in the environment. ENMs emitted into the environment originate from a variety of sources throughout the life cycle of ENM-containing products, and understanding ENM distribution is a critical need for performing risk assessments and developing regulations ( Figure 1 ). Physical, chemical, and/or biological processes within the environment can transform the properties of ENMs. 4 Because analytical capabilities to quantifiably track these changes remain in their infancy, 5 models of these processes are needed to begin assessing ENM fate. At one level, understanding just the distribution of ENMs between environmental compartments is informative because it defines likely exposure pathways. Models describing the distribution of pollutants among compartments often assume pseudosteady state conditions and use global descriptors such as partition coefficients. 6 Partition coefficients (also called "distribution coefficient" or "attachment coefficient") usually refer to reversible equilibrium of a pollutant between two phases (e.g., airÀwater, waterÀsolid), and can be related to thermodynamic principles. More complicated models incorporate fluxes (i.e., time-dependent movement of mass) within and between environmental compartments. It remains unclear if new modeling paradigms and experimental tests to obtain model parameters are required for ENMs or if approaches for existing pollutants are robust enough to predict ENM distribution between environmental compartments. This Account outlines issues related to the methods by which experimental research can yield quantitative data for use in ENM fate models. We first review experimental testing approaches employed with ENMs, and then compare and contrast ENMs with other pollutants before summarizing potential global descriptors for ENMs that are suitable for use in fate and transport modeling. Table 1 summarizes various testing schemes that have been considered in order to understand and predict ENM fate and transport. These will be discussed in subsequent sections. For each testing approach, we identify and describe a potential ENM global descriptor. We describe the basic approaches and the use of likely outcomes in predicting the fate and transport of ENMs as well as discuss quantitative values where available.
ENM Fate and Transport Experimental Platforms
OctanolÀWater Batch Partitioning. Distribution of pollutants between aqueous and organic phases is a starting point in predicting organic contaminants' fate, bioavailability, and transport in the environment. 7 Octanol is typically used as a surrogate for organic-containing media ranging from sediments to lipid membranes. The octanolÀwater distribution coefficient,
where C O and C W are the concentrations of the contaminant in the octanol and aqueous phases, respectively, has become essential to testing and predicting the transport, bioaccumulation, and toxicity of many organic contaminants.
ENM partitioning between water and solvents initially was studied as a means of creating stable suspensions of C 60 fullerenes, which have a high K OW value (log K OW of 6.67). 8 Log K OW values ranging from less than À1 to >2 have been reported for functionalized fullerenes. 9 Log K OW values of ∼3 were measured for multiwall carbon nanotubes (MWCNTs) but were not found to predict MWCNT bioaccumulation in earthworms or oligochaetes. 10 Single wall carbon nanotubes (SWCNTs) coated with humic acid were not capable of partitioning into octanol; the humic acid functionalization prevented this phase change from occurring.
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Recent work indicates that a wide range of ENMs can partition between octanol and water but, depending upon pH, a significant fraction of the total ENMs accumulate at the interface between the two phases 12 (see Figure 2 ), which complicates extension of K OW as a global descriptor for ENM. The traditional K OW partitioning concept was therefore amended with an interface partition coefficient (K I ) to describe this behavior. 12 Although termed "percentage hydrophobicity" or "hydrophobicity index" instead of K OW , the distribution of ENMs between water and octanol or other solvent phases has been incorporated into high-throughput toxicity and fate protocols. 13 Overall, these batch partition experiments appear to be useful in comparing functionality or other surface properties within a class of nanomaterials. The broader significance of K OW in predicting accumulation of ENMs in more hydrophobic environmental compartments (e.g., soil, biota) remains to be determined. The lipidÀwater distribution ratio may be a more appropriate descriptor for bioaccumulation of hydrophobic ionizable compounds.
14 For example, the lipid bilayerÀwater association coefficient (K lipw ) for nC 60 was larger than that for polyhydroxylated fullerol at a given pH, which indicates greater propensity for nC 60 to interact with lipid bilayers. 15 ENM number concentrations for gold particles of differing size explained the variability in K lipw values based upon mass concentrations (i.e., ENMs with the smallest diameter distributed most into the lipid bilayers).
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Solid-Water Batch Tests. In batch sorption tests, ENMs, water, and soil, sewage sludge and other materials have been mixed and then the distribution of ENM concentrations between water and soil phases has been determined. Such solidÀliquid partition of chemicals is commonly operationally defined as a partitioning coefficient (K d ; L/kg):
where M solid is the solid-phase (sorbed) concentration of a compound (mg/kg) and M aq is the dissolved phase concentration (mg/L). High K d values thus indicate preferential partitioning to the solid phase, but they do not give information on specific retention mechanisms.
The primary difference between K d and K OW lies in how the coefficients are applied. Extrapolating K OW from watersolvent tests to field conditions would require considering the fraction of organic matter (f oc ) present in sediments or soils or other phases, as has been widely done for organic pollutants. 17 In contrast, K d is usually determined on a specific sediment or soil, or can be adjusted between samples using f oc .
Classical colloidal flocculation models predict continuous aggregation over time, and thus, an equilibrium distribution may not be applicable to ENMs. However, recent work with bacterial cells and suspended lipid bilayers is showing that steady-state distributions vary with changes in solution or surface concentrations of ENMs. The distribution kinetics can be fit with an empirical model: 15, 18, 19 
where C lip (t) is the ENM mass per unit mass of lipid (mg ENM/kg lipid) as a function of time, t is time (h), k a is the association constant (mg/L/h), k d is the disassociation constant (1/h), C is the initial ENM mass concentration (mg/L), and C lip,0 is the maximum ENM mass that can distribute to the lipid bilayer (per unit mass of lipid). These studies suggest that although physical transport processes likely initially control aggregation kinetics, a steady-state condition appears to exist on some surfaces that prevents further aggregation and provides a potential justification for using partition coefficients.
Cornelis and co-workers presented a screening tool for ENMs called the retention coefficient (K r ).
20À22 Ag or CeO 2
ENMs are retained to different extents on soils with varying properties, and an empirical relationship could be developed between ENM retention and the clay content, phosphate concentration, and pH of soils. Many other studies have investigated the distribution of ENMs between water and solid phases. 23 The distribution of MWCNTs between water and peat soil, for example, was measured, and the data fit with a Freundlich isotherm. 24 Increasing salt concentration drove more
MWCNTs to the solid phase and forced a linear isotherm relationship, which suggests that the overall forces that drive the solid-phase distribution of MWCNTs (aggregation and peat sorption) are uniform with varying MWCNT concentrations.
To evaluate the potential removal of ENMs in wastewater treatment plants (WWTPs), batch sorption tests have been conducted using ENMs and biomass from activated sludge basins. 25À27 Such work confirmed that the nanosilver frequently used in consumer products would likely accumulate in biosolids. 28À30 Previous batch tests to obtain liquidbiomass distribution parameters for organic chemicals relied upon freeze-dried biomass, which has been shown not to be valid for ENMs because freeze-drying releases NOM-like surfactants. 31 Observations in such batch experiments are consistent with ENM removal in continuously loaded biological reactors 32, 33 and suggest that such simple screening batch experiments may be useful in assessing differences in removal potential of different classes of ENMs. The observed distribution coefficients for ENMs between wastewater and biomass surfaces vary as a function of size, density, and surface functionality, and it would be useful to find a global descriptor capable of predicting such distribution instead of conducting batch experiments. Studies using batch experiments to obtain partition or distribution coefficients generally acknowledge that ENMs probably do not behave like dissolved chemicals, and try to interpret findings based upon measurements of ENM size, surface charge, density, or coating properties (hydrophobicity). A need exists to examine this growing number of databases and attempt to parametrize quantitative structure activity relationships or at least linear least-squares fitting to rank the relative importance of these parameters.
Column Testing. In contrast to the batch partitioning experiments with ENMs described above, a far more developed literature exists on dynamic column tests to ascertain the affinity of ENMs for soil or other surfaces. 34, 35 An already available excellent review of ENM column test results emphasizes the theoretical framework for these tests and experimental findings. 36 The experimental apparatus usually involves a small column packed with quartz, sand, or soil particles into which an aqueous solution containing ENMs is pumped. Data analysis using the CarmanÀKozeny equation,
where f is porosity of the media, η is a physical transport efficiency function, L is the length of packed column, and d c is the diameter of the collector media, as well as the measured concentrations of ENMs in the inflow (C) and outflow (C o ), can be used to back-calculate an attachment/ deposition efficiency or stickiness coefficient (R D ). The advantage of this approach is that the calculation of R allows separation of physical transport processes (sedimentation, interception, diffusion) that lead to collisions between the ENMs and surface from forces that lead to ENM attachment to the surface and retention in the column (e.g., electrostatic, van der Waals, hydrophobic).
However, calculation of R D requires assumptions regarding the shape of the collector and ENMs along with idealized flow conditions within the column.
Parameterization of the above models can be used to predict the transport distance of ENMs in the subsurface, or potentially to compare the relative affinity of different types of ENMs for variable surfaces. Migration of ENMs in the subsurface can pose significant environmental risk (e.g., migration from septic tanks into rivers or infiltration into drinking water wells). 35 As an example of relative ENM 36 The most common approach to study ENM aggregation employs dynamic light scattering (DLS). In a new approach 38 that leverages high-throughput screening of ENM stability in complex mixtures of varying ionic strength/composition and organics, contour plots of ENM concentration in solution illustrate the effects of these parameters and predict the stability of ENMs in a test water relative to a control water (Figure 3 ). Two types of traditional aggregation studies can be distinguished: (1) the particle size of a suspension is followed directly over time, usually using DLS, and the aggregation rate constants are derived, and (2) the aggregated particles are allowed to settle; only the supernatant is analyzed, and the "stable" fraction is quantified. Whereas the first approach allows mechanistic information and parameters 39 such as the critical coagulation concentration (CCC) to be obtained, the second approach allows determination of more environmentally relevant information, for example, the amount of an ENM that remains stable in suspension and can be transported over long distances. Decades of aggregation modeling accounting for physical collision of colloids based upon diffusion, mixing-induced velocity gradients, or differential settling transport mechanisms as well as favorable chemical interactions based upon a "stickiness factor" (µ) has led to some modeling advances for natural colloids, 40, 41 but recent attempts to incorporate ENMs into these models have highlighted challenges, often due to the lack of ENM characterization data, related to aggregate break-up, fractal dimensions, and coatings.
Potentially far more important to the fate of ENMs in natural systems than homoaggregation is their interaction with clay, cellular debris, and other natural colloids/particles (heteroaggregation). Water contains a huge number of natural nanosized particles (1À100 nm), an estimated 10 10 to >10 15 /m 3 . 43 Quik et al. 23 proposed that a first-order removal rate could approximate removal of ENMs from the water column that contained suspended natural colloids. To our knowledge, few other experimental reports address heteroaggregation of ENMs and natural colloids. Simulations suggested that nano-TiO 2 aggregation at environmentally relevant nano-TiO 2 concentrations was governed by heteroaggregation and that homoaggregation only played a minor role. 39 Transformation Reactions. ENMs can undergo a wide range of transformations during manufacturing, incorporation into products, product use, and release, as well as within the environment and organisms. 4, 44 A few examples of major transformation are highlighted here (see also Figure 1 ). Elemental metals (e.g., Ag 0 , Cu 0 ), metal oxides (e.g., ZnO, CeO 2 ), and quantum dots (e.g., CdSe) can be oxidized/reduced or dissolve in water to form soluble ions or cause formation of reactive oxygen species (ROS) on the ENM surface. 45 Fullerenes can be oxidized by sunlight (photolysis), ozone, and even atmospheric oxygen to produce peroxy-fullerenes or hydroxylated fullerenes. 46 CNTs can undergo catalytic oxidation. 47 Dissolution of surface coatings can completely change particle behavior, as observed, for example, for siloxaneÀAlOOHÀTiO 2 nanocomposites. 48 All the transformation reactions listed above are not equilibrium processes. Therefore, elucidation of the kinetics should be the primary goal of any investigation. However, to date only a few studies provide quantitative data on reaction kinetics that can be used to predict the behavior of a certain ENM under environmental conditions. In the meantime, research has commenced on investigating "end-members", such as bare elemental silver versus silver sulfide. 44 
Modeling ENMs in the Environment Quantitative StructureÀActivity Relationships (QSAR).
A quantitative structure activity relationship (QSAR) is a statistical model that relates a set of structural descriptors of a compound to its physical, chemical, or biological activity. Parameters that, for example, account for hydrophobicity and steric effects are used as descriptors, whereas activities include chemical measurements and biological assays. According to the QSAR paradigm, the unknown activity of a new compound can be interpreted using mathematical models if the molecular parameters have been calculated for a group of known compounds. 49 The first applications of QSAR to ENMs, so-called nano-QSARs or QNAR, 50 Correlations between the chemical and physical parameters and properties of ENMs have also been developed. For example, the partitioning constant of C 60 between water and organic compounds was correlated to the gap between E LUMO and E HOMO . 53 The partitioning coefficient between CeO 2 and soils was found to depend on clay content, phosphate concentration, and pH. 20 The binding of 13 different polyaromatic hydrocarbons to CNTs could be best described using the solubility of the subcooled liquid and the polarizability. 54 CCCs for CNTs were a function of the atomic percentage of surface oxygen. 55 The aqueous stability of 10 different CNT-types in the presence of humic acids was related to the oxygen content of the CNTs and their outer diameter. 56 Deposition data for a variety of ENMs were used to develop an empirical correlation between measurable ENM properties and the sticking coefficient (R) in the presence of DOM and polyelectrolytes. 57 Although to date only a few structureÀactivity relationships have been developed for ENMs, such evaluations will be very helpful in understanding the different reactivities of different forms of a single ENM.
Multimedia Models
Multimedia mass-balance models can provide a powerful framework for understanding the behavior of pollutants in the environment, 6 and first attempts to apply them to ENMs have been published. 39, 42, 58, 59 The big challenge is how to incorporate the specific ENM properties described in this paper into mass-flow and environmental fate models. Thus far, limited use of material-specific descriptors has been made, and models have predicted the fate of rather generic ENMs, for example, "nano-Ag". The published models included to some extent dissolution of ENM and agglomeration/sedimentation in natural waters. 60, 61 Removal during wastewater treatment (a combination of particle-solid partitioning/agglomeration/sedimentation processes) was treated using transfer coefficients that were derived from batch or lab-scale experiments. 58 Arvidsson et al. 42 presented a first approach to including aggregation in environmental fate models. Koelmans et al. 60 incorporated calculations into fate models accounting for ENM sedimentation fluxes, removal rates due to aggregation or degradation, and ENM burial in deeper sediment layers, coupled to a material flow model for calculating the input into water. Gottschalk et al. 61 coupled a material flow model 58 to a geographical model of all Swiss rivers and used two scenarios with different ENM removal from the water column to account for the variability in ENM properties. Quik et al. 23 suggested that using first-order reactions to describe sedimentation and ENM dissolution might be sufficient to amend existing fate models for conventional chemicals (see Figure 4) . Recently, a multimedia fate model was developed using attachment efficiencies and heterogeneous aggregation models to predict the fate of nano TiO 2 in the Rhine River, and is among the first environmental models to include ENM aggregation with complex suspended particulate matter. 39 
Similarities of ENMs to Other Pollutants
ENMs highlight the basic question of at what scalar values do pollutants behave more like molecules and at which more like particles ( Figure 5 ). Brownian motion dominates the movement of molecules and smaller colloids, whereas sedimentation and diffusive forces affect the movement of larger colloids and particles. As Figure 5 suggests, at some point very small ENMs may take on the attributes of large molecules, such as proteins. Understanding these sizedependent thresholds may lead to approaches to model the fate of ENMs in heterogeneous environments similar to those applied to chemical pollutants. Transport phenomena are only one example in which very small ENMs potentially behave more like a chemical than a colloid. Another important phenomenon is the distribution of pollutants between two phases. Classically, aqueous chemicals are viewed as reaching equilibrium between different phases driven in part by thermodynamics associated with organizing water molecules versus energy associated with partitioning to a surface (i.e., partition coefficients), whereas colloidal interactions usually consider the net energy of attraction/repulsion with a surface. Furthermore, equilibrium is defined as reversible, which is clearly true for many hydrophobic chemicals. In contrast, colloids associated at or between different phases require external energy inputs (e.g., mixing, heat) to disassociate from the interface.
In contrast to many organic chemicals, ENMs may come in a myriad of different forms. A "generic nano-TiO 2 ", for example, does not exist as many different mineralogical forms exist (see Figure 6 ) that may be functionalized and undergo different aging and transformation reactions during use and in the environment. Each of these different ENMs is expected to have different reactivities, and it remains open if we can find global descriptors that allow to describe all different forms or if we need different sets for different forms. However, concepts on how to deal with different reactivities of various forms of one compound have been established for classical chemicals. Metal speciation is necessary to understand the different reactivities and effects of different forms of the same metal. Whereas, for example, Cr(III) is largely insoluble and of low toxicity, Cr(VI) is much more soluble and toxic; uncomplexed metals such as Cu 2þ or Pb 2þ bind very strongly to mineral surfaces at neutral or basic pH, whereas the same metals complexed to organic ligands may exhibit the opposite behavior and do not adsorb at the same pH. Advanced environmental fate models for metals incorporate such processes. Similarly, the different forms of an ENM can be considered "species" of an ENM that need to be evaluated differently. Figure 6 compares metal species and "ENM species". For many metals, a theoretical equilibrium between different species can be calculated using the stability constants of different complexes, which cannot be done for ENM. However, kinetic constraints often result in nonequilibrium conditions for metals.
Summary and Future Research Needs
Over the past decade, significant progress has been made in understanding factors influencing the fate and transport of ENMs. In some cases, approaches toward global descriptor models (experimental, conceptual, and quantitative) have been developed. ENMs are seen as an opportunity for academics to push for more mechanistic frameworks for the prediction of pollutants in general, compared with the rather empirical approaches used by regulatory agencies. No better example exists than modeling of the environmental fate of colloids. Should classical flocculation and filtration models be used instead of partition coefficients? Arguments for each exist, but significant commonalities also exist. Fundamental models allow separation of physical transport from an interaction term (an empirical R value) that allows for kinetic modeling, whereas distribution coefficients (K D ) attempt to look at the longer-term outcome, which may approach some type of steady-state phase distribution of the ENMs. The commonality is that both K D and R are fitted empirical values; the difference is that classical kinetic modeling argues that aggregation continues, whereas distribution coefficients reach some type of steady state. However, even this potential difference subsides if a long-enough time frame is given to the kinetic modeling approach, because over time the number concentration of particles in solution decreases to a point at which the probability of collisions is quite low. Both approaches benefit from the selection of common dosimetry (i.e., number concentrations). Moving forward, these communities should understand how application of fundamental models can inform simpler distribution or global descriptor models that are more readily applied to largescale environmental systems.
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